transposon is packaged into an unusually regular nufrom cell cycles 10-13, which coincides with the time reported for heterochromatin formation, apical orientacleosome pattern that is resistant to restriction digestion (Wallrath and Elgin, 1995) . In addition, histones within tion of heterochromatin, and localization of HP1 to heterochromatin (Kellum et al., 1995) . Drosophila heterochromatin contain a distinctive hypoacetylated pattern identical to that found in the yeast To ask whether this localization pattern was developmentally specific for early embryos, in which large masilent mating type loci (Braunstein et al., 1996) . Furthermore, the Drosophila ORC2 gene can cross-completernal stores of DmORC2 appear to be deposited (Gossen et al., 1995) , we examined embryos following ment the orc2-1 mutation in S. cerevisiae for silencing but not for replication (Ehrenhofer-Murray et al., 1995) , the major developmental transition of cellularization, which occurs at cell cycle 14. At this time, global cell arguing that some aspects of silencing may be mechanistically similar in different systems.
cycle synchrony has been replaced by "mitotic domains," regions of locally synchronized cell division In higher eukaryotes, a family of proteins containing a motif known as the chromodomain (Singh et al., 1991 ) (Foe, 1989 . These patterns are visualized more easily using tubulin staining as a diagnostic for cell cycle posiappears to be central for regulating silencing and chromosome structure. A paradigmatic member of this famtion. No significant differences in DmORC2 distribution were apparent in embryos after cellularization (Figure ily is HP1, originally identified as an antigen localized to pericentric heterochromatin in Drosophila (James and 2). The highlighted images illustrate representative cells in interphase (Figure 2A ), metaphase ( Figure 2B ), and James et al., 1989) and subsequently shown to be identical to the product of the suppressor of PEV telophase ( Figure 2C ). DmORC2 was found continuously associated with DNA, as in cleavage embryos, while gene Su(var)205 (Eissenberg et al., 1990) . Its localization and strictly dosage-dependent effects on PEV suggest clusters of DmORC2 dramatically dotted the metaphase plate along the plane of centromere alignment. Thus, that HP1 constitutes a structural component of heterochromatin. HP1 is also required for proper chromosome at a gross level, there appeared to be a preferential concentration of DmORC2 with centric heterochromatin condensation and segregation (Kellum and Alberts, 1995) . In addition to the chromodomain family, over 100 that existed very early in development and continued at least through the process of cellularization. We obmodifiers of PEV have been genetically identified in Drosophila (reviewed in Weiler and Wakimoto, 1995) , but served that the total amount of the protein staining per cell was less overall in the cellular blastoderm than in none of these factors has been directly implicated in heterochromatin formation.
the syncytial embryo (data not shown), consistent with a continuous decrease in DmORC2 protein levels through We now demonstrate that DmORC2 localizes to heterochromatin and that Drosophila ORC interacts directly development as detected by Western analysis (Gossen et al., 1995) . with HP1. The DmORC1 subunit shows the highest affinity for HP1, an interaction that is conserved in Xenopus.
These patterns of DmORC2 localization were unlikely to be due to particular fixation conditions, since an alRecessive lethal mutations in DmORC2, k43 (Landis et al., 1997) carried by a wild-type chromosome results in ternate fixation protocol (Mitchison and Sedat, 1983) yielded identical results (data not shown). In addition, suppression of PEV, consistent with the suggestion that ORC plays a role in the formation or maintenance of use of preimmune serum, omission of primary antibody, or depletion of antibody with recombinant DmORC2-heterochromatin in Drosophila.
coupled beads abolished all signals (data not shown). Furthermore, we observed that DmORC2 was extremely Results sensitive to fixation, as reported for another heterochromatin-associated factor, HP1 (Kellum et al., 1995) . At DmORC2 Associates with Heterochromatin the standard 3.7% formaldehyde concentration, only Our immunolocalization studies were initially underfaint staining could be observed, in contrast to the intaken to test directly the hypothesis that ORC is continutense staining seen when 1% formaldehyde or methanol ously associated with chromosomes, particularly during alone (Mitchison and Sedat, 1983 ) was used as fixative. mitosis, as indicated in S. cerevisiae by in vivo footThe results were also not likely to be specific to the printing (Diffley et al., 1994) . Drosophila embryos were embryo or to maternally derived DmORC2, since similar examined by indirect immunofluorescence using affinpatterns were observed in Drosophila Schneider L2 tisity-purified anti-DmORC2 antibodies, which were highly sue culture cells throughout the cell cycle (Pak, 1996; specific for DmORC2 as judged by immunoblotting and see below). As with embryos, gentle fixation conditions by immunoprecipitations from crude embryonic extracts were required to prevent stripping of DmORC2, particu- (Gossen et al., 1995) . DmORC2 was found on chromatin larly during prophase through anaphase in mitosis (Pak, at all cell cycle stages of the embryonic syncytium (Fig-1996) . ure 1) in a diffuse, granular pattern throughout the DNA Because of the sensitivity of DmORC2 and HP1 to forbut was highly concentrated at foci along the apical maldehyde, a gentler procedure was utilized that omitted surface of the interphase nuclei ( Figure 1A ), consistent fixative altogether (Wreggett et al., 1994) . DmORC2 with the Rabl orientation of pericentric heterochromatin staining ( Figure 3A ) was ubiquitously distributed on DNA (Dernburg, 1996a) . At metaphase ( Figure 1B) , the periin a diffuse pattern clearly above background (data not centric staining of DmORC2 was particularly evident, shown), accompanied again by strong foci at discrete and at anaphase, DmORC2 concentrations were clearly locations correlating with classically defined heteromost intense at the leading centromeric positions of the chromatin. Heterochromatin can be differentially stained by Hoechst 33258 because of its AT-rich sequences, chromosomes ( Figure 1C ). The embryos in Figure 1 are Wide field views of representative cell cycle stages are shown as merged images of DNA (red) and DmORC2 (green): (A) cross-section of interphase nuclei along the periphery of the embryo (apical surface oriented upward), (B) metaphase, (C) late anaphase. In each large panel, a boxed region is shown to the right as a group of three enlarged images: DNA, top (red); DmORC2, middle (green), and merged view at bottom (colocalization in yellow). Bar ϭ 5 M.
which are preferentially bound under limiting dye con-( Figure 3C ), particularly on chromosome 4, the pericentric X chromosome, and the Y chromosome. However, centrations (Gatti et al., 1976; Pimpinelli et al., 1976) . These regions are diagrammed in Figure 3E . The DmORC2 HP1 was more enriched at telomeres, as previously described (Kellum et al., 1995) . Furthermore, HP1 coated staining displayed on the karyotypes (aligned in Figures  3F-3H ) showed a striking correspondence to heterothe pericentric heterochromatin of autosomes 2 and 3 more intensely, whereas DmORC2 appeared to be more chromatic localization. Specifically, strong DmORC2 staining was observed at the pericentric regions of chropronounced at the distal boundary of these areas. Similar results were observed using Drosophila Kc tissue mosomes 2 and 3, the X chromosome, and throughout the largely heterochromatic Y and dot-like 4th chromoculture cells (data not shown). Salivary gland polytene chromosomes from third instar somes. If the chromosomes were exposed to 3.7% formaldehyde prior to antibody incubation, no staining was larvae were stained with DmORC2 antisera; a representative image is shown in Figure 4A . At this stage, these observed (data not shown). We infer that this effect was due to stripping of the antigen, as intense staining of interphase cells have exited from the DNA replication and polytenization process; nevertheless, a faint puncthe space surrounding the chromosomes was observed in metaphase L2 cells treated with 3.7% formaldehyde tate stain of DmORC2 protein was detected throughout the chromosomes. Reproducibly, the strongest staining (Pak, 1996 , and data not shown; also see .
was observed in the heterochromatic base of the chromosomes, and, in particular, the heterochromatic fourth Double-labeling experiments performed with fluorochrome-labeled antibodies against DmORC2 ( Figure 3A) chromosome was brightly banded. An enlarged image of the chromocenter and heterochromatic fourth is and HP1 ( Figure 3B ) revealed colocalization at many loci shown in Figure 4A . In addition, another intense band ‫51ف‬ g/ml) and DmORC proteins ‫01-5ف(‬ g/ml), judging at 83E (1,2) was observed. A striking point is that the from quantitative Western blots using recombinant probulk of the intense staining of the centric regions obteins as standards (data not shown and Gossen et al., served with the DmORC2 stain in mitotic cells is not 1995); such maternal deposits represent the bulk of HP1 paralleled by an equally intense signal from the chroand DmORC during this stage. These cytoplasmic exmocenter in the giant chromosomes. From this, we tracts were applied to an immunoaffinity column conconclude that most of the DmORC2 association with taining affinity-purified antibodies to an amino-terminal heterochromatin in mitotic cells can be ascribed to the peptide of HP1; material was eluted with increasing salt ␣-heterochromatin DNA, as these regions are not ampliconcentration and analyzed for HP1 and DmORC subfied in the salivary chromosomes. In addition, HP-1 is units by Western blotting. HP1 was tightly and specifiknown to bind to the chromocenter of the polytene chrocally retained by the affinity column but not the control mosomes (Platero et al., 1995) . One interpretation of IgG column and was resistant to up to 1 M KCl, eluting these data, consistent with the findings reported here, only in the final pH 3.0 glycine step ( Figure 5A ). DmORC2, is that HP-1 localization is complex, and potentially its DmORC5, and DmORC6 were also specifically retained colocalization with DmORC2 is dependent upon cisby the HP1 antibody column but were in large part reacting elements present in the ␣-heterochromatin unmoved by 0.1 M KCl washes. However, a small fraction derrepresented in the salivary polytene chromocenter.
of the DmORC proteins bound strongly to the affinity The colocalization and concentration of DmORC2 and column, eluting with 0.5 M KCl, 1.0 M KCl, and pH 3.0 HP-1 in the interphase nuclei of mitotically active tissue glycine ( Figure 5A ). Thus, potentially several populations culture cells is shown in Figure 4E . In these cells, the ATof DmORC and HP1 complexes existed, some of which rich chromatin of the centromeric regions concentrate at were extremely stable. It is likely that additional DmORC foci ( Figure 4B ) and a merge of the images of DmORC2 subunits (e.g., DmORC1, DmORC3, and DmORC4) were and HP1 show that the highest fluorescence for both also bound with HP1, since DmORC2 from embryonic indicators occurs at those centers. extracts appears to be fully complexed with at least four DmORC partners at all times (Gossen et al., 1995 and Physical Association of DmORC and HP1 data not shown). Nevertheless, comparison of load (L) Because of the heterochromatic localization of DmORC2, versus combined 0.5 M KCl, 1.0 M KCl, and glycine we were interested to determine whether DmORC and eluates indicated that although HP1 was depleted by HP1 physically associated. Cytoplasmic extracts from 0-2-hr-old embryos contain large stores of both HP1 (at the immunoaffinity column, only ‫%6ف‬ of the DmORC the immunoprecipitates subsequently Western blotted for the presence of HP1 protein. This analysis clearly showed that in addition to DmORC2 (75% recovery), HP1 was found in this complex in a tight association that was partly resistant to washes in 1 M KCl buffer (
Figure 5B), consistent with the HP1 immunoaffinity column results. This association, also observed using embryonic nuclear extract, was not affected by the presence of ethidium bromide (data not shown), arguing against an indirect link via a DNA tether. DmORC5 and 6 were also found in the 1.0 M KCl-resistant complex, as anticipated from silver stain analysis of DmORC2 antibody immunoprecipitates (Gossen et al., 1995) .
Comparison of DmORC2 and HP1 levels in the input material (L) versus pellets (0.1 M immunoprecipitates) indicated that roughly 3% of total HP1 could be coimmunoprecipitated with DmORC2 ( Figure 5B ). In summary, these results showed that a small but significant fraction of both HP1 and DmORC pools were biochemically associated in cytoplasmic embryo extracts. These data were consistent with the finding that DmORC2, DmORC5, and DmORC6 can be extensively copurified from such extracts in a high molecular weight complex containing HP1 (R. K., unpublished data). Both the chromodomain and the related "shadow" domain of HP1 (Aasland and Stewart, 1995) can assist in targeting HP1 to heterochromatin (Powers and Eissenberg, 1993; Platero et al., 1995) . To determine whether either domain of HP1 ( Figure 5C , top) was necessary for interaction with DmORC, we asked if exogenous HP1 could bind to endogenous DmORC from embryo cytoplasmic extract. Flag epitope-tagged HP1 protein or mutant derivatives ( Figure 5C , bottom) were purified from a bacterial expression system ( Figure 5D ) and incubated with 0-2-hr-old embryo cytoplasmic extract at an approximate molar ratio of 50:1 Flag-HP1 to endogenous DmORC2, mimicking in vivo ratios of HP1 to type; Figure 5E ). A titration of V26M protein versus wildtype HP1 (pAK12) confirmed that over a range of protein proteins was associated with HP1 in these extracts (Fig- concentrations, V26M displayed consistently weaker afure 5A). This figure is probably an underestimate, since finity for DmORC (data not shown). recovery of eluates by trichloroacetic acid precipitation In S. cerevisiae, the amino terminus of Orc1p appears was approximately 20% efficient.
to contain a specialized domain, perhaps dedicated to In a reciprocal experiment, DmORC was isolated from silencing (Bell et al., 1995) . Although the amino termini 0-2-hr-old embryo cytoplasmic extracts by immunopreof various metazoan Orc1 homologs are not well-conserved ( Figure 6B ), it seemed possible that this domain cipitation with affinity-purified DmORC2 antibodies and Figure 6C , leftmost panel). These lysates dedicated to replication (Bell et al., 1995; Gavin et al., were incubated individually with Flag-tagged full-length 1995; Muzi-Falconi and Kelly, 1995) . Therefore, it was HP1 purified from Escherichia coli and immunoprecipiof interest to determine whether DmORC1 interacted tated with anti-Flag resin (F) or mock beads (M). A 160-with HP1 and whether other DmORC subunit(s) might amino-acid domain in the amino terminus of DmORC1 be contributing to the interaction. Coupled in vitro spanning residues 161-319 was found to be necessary transcription/translation reactions using [
35 S]methionine and sufficient for the interaction with HP1 ( Figure 6C ). were performed for each of the six DmORC subunits However, a DmORC1 fragment from 160-501 bound to ( Figure 6A , lane L contains a mix of all subunits) and HP1 very weakly, which may be due to improper folding the translation products shown to comigrate in SDSor stability of that construct. A derivative of DmORC1 PAGE gels with DmORC proteins purified from Drosoph-(1-238) carrying a subfragment of the 161-319 region ila embryos (data not shown). DmORC proteins were demonstrated intermediate levels of binding to HP1 (Figincubated with wild-type Flag-HP1, individually as well ure 6C), suggesting that multiple contacts within this as together (MIX lanes), to assess whether HP1 interdomain may be involved. acted with DmORC subunits differently in the presence of the entire complex. Immunoprecipitations were conInteraction of Orc1 and HP1 in Xenopus ducted with anti-Flag monoclonal antibody-coupled Independent confirmation of this observation and evibeads (F) or with mock beads (M), and the precipitated dence that it also occurs in vertebrates came from a twomaterial was analyzed by SDS-PAGE and autoradiograhybrid screen for proteins that bound to the Xenopus phy ( Figure 6A ). The results demonstrated that DmORC1 homolog of Orc1p (XOrc1) fused to the LexA DNA-bindbound to HP1 with the highest recovery ( Figure 6A ).
ing domain. Three classes of positives were obtained. Lower and more variable levels of interaction were seen One class represented two subtypes of Xenopus HP1 for the other subunits, but DmORC3 and DmORC4 also homologs, HP1␣ and HP1␥ ( Figure 7A ). Strikingly, the exhibited clearly greater levels of binding than the other amino terminus of XOrc1 was also required for this intersubunits (see quantitation at bottom of Figure 6A ). Notaaction ( Figure 7B ), paralleling that seen in Drosophila. bly, when all six subunits were present, all DmORC sub-
The highly conserved carboxyl terminus of XOrc1 did units could be coimmunoprecipitated with Flag-HP1 not recognize either XHP1 species nor did the LexA ( Figure 6A , MIX lanes). In particular, the in vitro transdomain alone or a panel of five negative control fusions lated products of DmORC2 and DmORC6, which individ-( Figure 7B ). ually showed no reproducible interactions with HP1, To confirm the specificity of this result, we exchanged were coprecipitated when the entire repertoire of the fusion domains between XOrc1 and XHP1 homologs. DmORC subunits was used.
XOrc1 fused to LexA bound VP16HP1-␣ and VP16HP1-␥ To analyze further the strong DmORC1-HP1 interac-( Figure 7C , left panel); conversely, XOrc1 fused to the tion, we wished to determine the region of DmORC1 that bound to HP1. Various truncations of DmORC1 (Fig-VP16 transcriptional activation domain interacted with . "X" indicates site of point mutations. Where relevant, Su(var) phenotypes are assigned. A summary of DmORC interaction results is given at the right of each construct, with ϩ, ϩ/Ϫ, or Ϫ. All constructs were Flag-and 6xHIS-tagged at the amino terminus, except for amino-terminal deletions pAK36 and pAK37, and pAK23 used as a wild-type control for the carboxy-terminal epitope tag. Epitope tags are denoted by small black bars. (D) Coomassie-stained SDS-PAGE gel of HP1 and mutant derivatives purified from E. coli. Equivalent amounts of each protein were loaded and used for subsequent experiments. Molecular weight standards are as indicated (in kilodaltons). (E) Coimmunoprecipitation of Flag-tagged HP1 or HP1 mutants added to cytoplasmic extract. M, mock antibody; F, anti-Flag monoclonal antibody; each pair of lanes was supplemented with equal amounts of the Flag-tagged protein indicated or with no Flag-tagged protein (first two lanes). HP1 deletions are grouped by amino-terminal and internal deletions (compared to pAK12) and carboxy-terminal deletions (compared to pAK23). The presence of DmORC proteins was determined by Western blotting with the respective antibodies for DmORC2, DmORC5, DmORC6, and HP1. Only the relevant size range is shown for each Western. the lexHP1-␣ and lexHP1-␥ fusions ( Figure 7C, Figures 8A and 8C ). Progeny carrying both w m4h and a direct role in the maintenance and/or initiation of heteither of the k43 mutant chromosomes were compared erochromatin formation. This is based mainly upon the fact that mutations in HP1 lead to a dosage-dependent to their w m4h and Tb siblings to look for defects in PEV. Both k43 mutations exhibited a dominant suppression throughout the cell cycle. These data are consistent with in vivo footprinting analyses of ORC that imply continuof PEV, yielding eyes with characteristically variegated red patches ( Figures 8B and 8D) . Similar results were ous occupation of yeast replication origins (Diffley et al., 1994) . However, we have not shown that the sites obtained when a female sterile DmORC2 mutation was crossed to w m4h . w m4h fs293 progeny exhibit a Su(var) of DmORC2 localization define replication origins. The molecular basis for such localization remains the focus phenotype when compared to their w m4h TM3 (Stubble) siblings (data not shown). In addition, all DmORC2 mutafor future work. Previous immunolocalizations using Xenopus tissue tions showed a Su(var) phenotype when crossed to a w m4 background (data not shown). The suppression in culture cells (Romanowski et al., 1996a) and in vitro chromatin-binding experiments (Carpenter et al., 1996) k43 was not to the same extent as the Su(var)2-5 05 HP1 mutation crossed into the same PEV reporter strains suggest that Xenopus ORC proteins are completely "cleared" from chromosomes at metaphase, returning (data not shown).
at late anaphase/telophase. Similarly, under relatively moderate formaldehyde levels, Drosophila L2 cells unDiscussion dergo an identical clearing of DmORC2 at metaphase (Pak, 1996) . However, at lower levels of fixative or omitDmORC2 Constitutively Colocalizes with DNA We have demonstrated a colocalization of DmORC2 and ting fixation altogether, DmORC2 staining was retained on metaphase chromosomes with little apparent in-DNA at all stages of the cell cycle in a variety of cell types. From these data, coupled with observations that crease in cytosolic localization. Significantly, DmORC2 epitopes in L2 cells became stable to fixative at late DmORC2 is found only in complex with other ORC subunits in embryonic extracts (Gossen et al., 1995), we anaphase/telophase (Pak, 1996) . This cell cycle stagespecific alteration in resistance to fixation is interesting infer that DmORC is continuously bound to chromatin in light of evidence from S. cerevisiae that shows an isoforms are interacting, and data indicate that phosphorylation may regulate this process (R. K., unpubextended and possibly more stable "prereplicative" footprint is established at replication origins during that lished data). Interestingly, both the chromodomain and shadow domains of HP1 are required for HP1 to interact mitotic window (Diffley et al., 1994) .
with DmORC under our biochemical conditions. Since either half of HP1 is sufficient for at least some heteroDmORC Associates with Heterochromatin chromatin targeting in vivo (Powers and Eissenberg, The DmORC2 immunostaining patterns indicate that the 1993; Platero et al., 1995) , and HP1 appears not to bind protein is distributed at sites throughout the DNA fiber, DNA directly (Singh et al., 1991) , it is likely that other some of which presumably correspond to individual oriproteins are also involved in recruiting HP1 to specific gins of replication. Superimposed on this general districhromosomal regions. This conclusion is in line with the bution appears to be a high concentration of DmORC2 fact that HP1 is densely distributed at telomeres, which at a subset of the heterochromatic DNA, particularly are not particularly enriched for DmORC2. Further analythose of the ␣-heterochromatin, a region vastly undersis may reveal that DmORC is required to tether or actireplicated in the giant salivary chromosomes. This convate HP1 at a particular subset of its heterochromatic centration of ORC-binding sites in mitotic cells is likely destinations. to be accompanied by other DmORC subunits and probDmORC1 was found to be the DmORC subunit that ably reflects the presence of a large number of DmORCinteracted most strongly with HP1, and a 160-aminobinding sites in these regions. We have not ruled out acid domain in the amino terminus of DmORC1 was epitope masking in nonheterochromatic DNA; this possufficient for this purpose. We have further shown that sibility could be excluded by biochemically isolating hetthe amino terminus of Xenopus Orc1 interacted with erochromatin and Western blotting for the presence of Xenopus HP1␣ and HP1␥ homologs. In this context, it DmORC proteins. However, the observed physical interis intriguing that the relevant domain of Orc1p for silencaction of DmORC and HP1 argues that the preferential ing in S. cerevisiae is also the amino terminus (Bell et binding to heterochromatin is biologically relevant. . This region of DmORC1 shows homologies small percentage of DmORC and HP1 that associates in vivo is consistent with the suggestion that particular with other metazoan Orc1 proteins ( Figure 6B ) and factors (e.g., Sir proteins in S. cerevisiae or HP1 in Drosophila) to sites destined to be heterochromatic. This model fits with the idea that there may be different initiators for establishing heterochromatic domains, but each may feed into common pathways leading to similar structures.
The cis-acting DNA elements required for PEV are still obscure. One report suggests that repeated elements may be sufficient to establish heterochromatin (Dorer and Henikoff, 1994) , perhaps by creating an unusually regular structure. An alternative possibility is that the particular transposon that was reiterated in that study might have serendipitously contained the proper nucleating sequence, such as an AT-rich or GC-rich element mimicking the satellite repeats that comprise the majority of heterochromatin (Lohe et al., 1993) . Such repetitive sequences might also resemble DmORC-binding sites, such as those seen in the polytene chromosomes, and explain the preferential accumulation of DmORC at centric heterochromatin. Clearly, not all replication origins can serve as organizational points for heterochromatin formation. It seems likely that the correct combination of recognition sequences-will be required to define locus The Su(var) phenotype of k43 is compared to that of its Tb siblings. specificity.
Males of the following genotype are shown above: (A) w m4h ; ϩ/ϩ;
As has been pointed out elsewhere (e.g., Henikoff,
1995), PEV does not constitute a natural mode of regula-
tion of gene expression in Drosophila but rather is the consequence of particular rearrangements that bring genes into new chromosomal environments. At least 40 somewhat more limited homologies with Schizosacgenes normally present in centric heterochromatin seem charomyces pombe Orc1p, which are not conserved in to require this unique compacted domain for transcripthe budding yeast, and we note that S. cerevisiae has tional expression and are repressed when translocated no known chromodomain family members. Thus, the to euchromatin (reviewed in Gatti and Pimpinelli, 1992) . divergences in the amino termini of various Orc1 proThus, more physiologically relevant roles for heterochroteins may allow for interactions with different associated matin are likely to be in various aspects of chromosome factors.
dynamics such as folding, segregation, and pairing (see for example Dernburg et al., 1996b) . In this respect, it The Role of DmORC in PEV has been previously reported that Drosophila strains The Su(var) phenotype of DmORC2 mutations, the intercarrying HP1 mutations are defective in chromosome actions of DmORC with HP1, and the strong Su(var) segregation (Kellum and Alberts, 1995) , and we anticieffects of HP1 mutations indicated that DmORC may pate that DmORC mutants may also have a defect in exert its function by participating in a direct recruitment chromosome structure or condensation. Indeed, the reof HP1 to certain chromosomal domains or vice versa. cent identification of the k43 mutant as an allele of Although the DmORC2 Su(var) effect might be more DmORC2 (Landis et al., 1997) implicates DmORC2 not indirect-for example, mutants in Drosophila polymeronly in cell proliferation and chorion gene amplification ase ␦ processivity factor PCNA (mus209) are dominant but also in chromosome condensation (Szabad and Brysuppressors of PEV (Henderson et al., 1994 )-the fact ant, 1982; Gatti and Baker, 1989) . that a specific point mutation in HP1, V26M, exhibits both suppression of PEV as well as diminished binding A Model for Coupling DNA Replication to DmORC suggests otherwise. In contrast, the binding and Chromosome Folding of the Y24F mutant with DmORC again argues that this Present models concerning the DNA replication cycle capability is not sufficient to mediate full HP1 function.
emphasize the point that ORC is continuously associIf the interaction of DmORC with HP1 indeed contributes ated with chromosomes and that distinct steps toward to DmORC's role in PEV, then participation of ORC in building a replication complex occur at different stages heterochromatin formation is likely to be widespread of the cell cycle (Botchan, 1996) . This cyclical, stepwise and conserved, based on the interaction of XOrc1 and assembly and disassembly would presumably safe-XHP1 proteins, the existence of constitutive heterochroguard inappropriate DNA replication origin initiation. matin in all higher eukaryotes, and the conserved heteroHowever, recent genetic studies have shown that many chromatic localization of HP1 in mammals (Wreggett et temperature-sensitive orc5 mutants arrest in early M al., 1994) . These data suggest a model whereby a disphase, before the metaphase-to-anaphase transition tinct role of ORC, in conjunction with other DNA-binding point and prior to the assembly of prereplicative initiation complexes late in mitosis (A. Dillin and J. Rine, factors, may generally be to target non-DNA-binding of ORC with chromosomes may therefore be important because information is contained in the pattern of ORC Antibodies binding, and/or ORC performs positive activities in the Affinity-purified anti-DmORC2 antibodies have been described chromosome cycle outside of S phase and separate (Gossen et al., 1995) . Protein purified from E. coli was used to immufrom a direct replication function. As we have speculated nize rabbits (for antibodies to DmORC6) or rats (for DmORC5) according to standard procedures (Harlow and Lane, 1988) . Antibodies here, one such role of ORC may be in heterochromatin were affinity purified over a column of CNBr-agarose coupled to formation, which may itself underlie other evolutionarily 6xHis-DmORC6 fusion protein or using 6xHis-DmORC5 immobilized conserved and equally critical requirements in chromoon PVDF (Millipore) as described (Harlow and Lane, 1988) . For the some folding. This would not only be a parsimonious HP1 immunoaffinity column, rabbit polyclonal antibodies were preuse of the multiprotein complex but also could help pared against a peptide spanning amino acids 4-21 of HP1. The coordinate multiple aspects of DNA dynamics. Thus, antibodies were affinity purified over a column of 6xHis-HP1 fusion protein coupled to Affigel-10 as described (Harlow and Lane, 1988) .
ORC may serve to monitor the state of chromatin, couLow-affinity antibodies were eluted with 1.5 M MgCl2, followed by pling the end of DNA replication to the beginning of the elution of high-affinity antibodies with 100 mM glycine (pH 3.0). chromosome condensation. Along these lines, certain Approximately 3 mg of the high-affinity antibodies were coupled to ORC-binding sites may help regulate whether given re-1 ml of protein A-agarose (Sigma) using dimethlypimelimidate as gions decondense or not in early G1 phase. Involvement described (Harlow and Lane, 1988) . A control column was conof ORC in chromatin remodeling for gene silencing may structed by coupling 3 mg of rabbit IgG (Sigma) to the same column matrix.
therefore be an example of an evolutionary variation on a general housekeeping function.
Immunofluorescence Schneider L2 cells were fixed and permeabilized with paraformaldeExperimental Procedures hyde and methanol:acetone as described (Harlow and Lane, 1988) except that 1% paraformaldehyde in PBS was used as fixative.
Cloning and Mutagenesis
Staining was done as described (Harlow and Lane, 1988) with affinThe DmORC1 gene was isolated by first obtaining peptide seity-purified anti-DmORC2 antibodies (1:100, 2.5 g/ml), goat antiquences from a 110 kDa subunit of purified Drosophila embryonic rabbit Cy2 or Cy3 conjugates (Amersham) at 1:500 dilution (2 g/ ORC (Gossen et al., 1995) . These sequences were used to design ml), and Hoechst 33258 (0.1 g/ml). For mitotic arrest, log-phase degenerate oligonucleotide primers to probe a 0-4 hr Drosophila cells were arrested with colchicine (1 g/ml) for 12 hr, dislodged, embryonic cDNA library (Brown and Kafatos, 1988) as described attached to coverslips for 10 min, processed as described (Wreggett (Ausubel et al., 1987) , from which a full-length clone (pNB40-et al., 1994) , and stained as above. For double-labeling experiments, DmORC1) was obtained. Cloning of other DmORC genes will be affinity-purified HP1 antibodies were directly coupled to Oregon described elsewhere (I. C., S. Zhou, and M. R. B., unpublished data).
green succinimidyl ester and DmORC2 antibodies to Texas red sucDeletions in HP1 were constructed by PCR amplification of approcinimidyl ester (both Molecular Probes), according to the manufacpriate regions of pAK12 (gift of A. Kutach), a plasmid containing turer's instructions. Drosophila embryos of the appropriate age were HP1 in-frame with amino-terminal Flag and 6xHIS epitope tags in fixed and immunostained as described (Foe, 1989) , except that 1% pET11d (Novagen). PCR products were ligated into pET11d (Novaparaformaldehyde was used. Embryos were also fixed by an altergen) at the BamHI site of the polylinker by standard cloning methods nate protocol involving only methanol:EGTA (Mitchison and Sedat, (Sambrook et al., 1989) . Point mutations in HP1 were introduced by 1983). The same concentrations of primary and secondary antibodsite-directed mutagenesis of pAK12 and verified by doubleies were used as above for DmORC2. Rat anti-tubulin antibodies stranded dideoxy sequencing. Deletions in DmORC1 were con-(YOL134) were used at 1 g/ml, with goat anti-rat Cy2 secondary structed by PCR amplification of relevant coding regions using antibodies (Amersham) at 1:500 dilution (2 g/ml). DNA was visualpNB40-DmORC1 as a template and ligation into pNB40-DmORC1 ized with 0.1 g/ml propidium iodide including 1 g/ml RNase A. digested with RsrII and PacI (carboxy-terminal deletions) or with Polytene chromosome squashes were prepared from Canton S third BspMI and PacI (amino-terminal deletions). Primer sequences are instar larvae by standard procedures (Silver et al., 1978) except that available upon request.
1% formaldehyde was used as fixative. Immunostaining for polytene chromosomes was performed as for L2 cells. Images were observed Protein Purification on a Nikon Optiphot-2 microscope with a Nikon 100ϫ objective Plasmids pAK12, pAK23, pAK36, or pAK37 (gifts of A. Kutach) and (1.25 oil). Confocal images were observed on a Nikon Optiphot with mutant derivatives were freshly transformed into E. coli BL-21 LysS Leica 63ϫ Plan Apo objective (1.4 oil) equipped with a Bio-Rad and purified by Ni-NTA (Qiagen) affinity chromatography by a modifi-MRC-600 scanning confocal laser. Images were processed using cation of manufacturer's protocols (A. Kutach, personal communica-MRC-600 confocal microscope operating software (CoMOS) version tion). DmORC5 and DmORC6 proteins were tagged with the 6xHis 6.03 (Bio-Rad Microscience Ltd., 1992-93) and Adobe Photoshop. epitope, expressed from either pRSET (Novagen) or pQE (Qiagen) in E. coli (BL21-LysS or M15), and purified using Ni-NTA affinity Immunoprecipitation and Affinity Chromatography chromatography (Qiagen) according to manufacturer's protocols.
Embryos (3 g of a 0-2 hr collection) were homogenized in 3 ml DmORC subunits were also expressed from pNB40 (Brown and extract buffer (EB; 50 mM HEPES (pH 7.6), 25 mM KCl, 25 mM NaCl, Kafatos, 1988) using the TNT coupled in vitro transcription/transla-80 mM ␤-glyceraldehyde, 10% glycerol, 1 mM Na-metabisulfite, 100 tion system (Promega).
M PMSF, 200 M benzamidine, and 10 g/ml of phenanthroline, aprotinin, leupeptin, and pepstatin). The extract was centrifuged at Drosophila Strains and PEV Analysis 10,000 ϫ g for 15 min and clarified by centrifugation at 150,000 ϫ Drosophila Canton S were reared in mass population cages as deg for 1 hr. The protein concentration of the clarified extract was scribed (Elgin and Miller, 1978 ; ϩ/ϩ; ϩ/ϩ virgin females were crossed to ϩ/ϩ; ϩ/ϩ; k43/ volumes of EB plus 100 mM KCl. The anti-HP1 immunoaffinity col-TM6␤ Tb males at 25ЊC. k43 progeny were selected at the pupal umn was eluted step-wise with EB plus 0.5 M KCl, EB plus 1.0 M stage by scoring for the absence of the larval/pupal marker Tb. Tb progeny were also selected as a control. All male progeny were KCl, and 100 mM glycine (pH 3.0). Proteins bound to the control IgG column were eluted with a single glycine step. Elution fractions References were TCA precipitated, split onto two identical SDS-PAGE gels, and Western blotted according to standard procedures (Harlow and Aasland, R., and Stewart, A.F. (1995 (1996) . Role for a material was visualized by autoradiography of SDS-PAGE gels.
Xenopus Orc2-related protein in controlling DNA replication. Nature Yields (fraction of input material precipitated, subtracting back-379, 357-360. ground) were quantitated either by excising bands from gels and measuring radioactivity by scintillation counting or by densitometric Chien, C.T., Buck, S., Sternglanz, R., and Shore, D. (1993) . Targeting scanning of autoradiograms. Recovery efficiencies were calculated of SIR1 protein establishes transcriptional silencing at HM loci and as the average of five experiments. telomeres in yeast. Cell 75, 531-541.
